A semiautomated method for microbiological vitamin assays is described, which includes separate automated systems for the preparation of the cultures and for the measurement of turbidity. In the dilution and dosage unit based on the continuous-flow principle, vitamin samples were diluted to two different dose levels at a rate of 40 per hr, mixed with the inoculated test broth, and dispensed into culture tubes. After incubation, racks with culture tubes were placed on the sampler of an automatic turbidimeter. This unit, based on the discrete-sample system, measured the turbidity and printed the extinction values at a rate of 300 per hr. Calculations were computerized and the results, including statistical data, are presented in an easily readable form. The automated method is in routine use for the assays of thiamine, riboflavine, pyridoxine, cyanocobalamin, calcium pantothenate, nicotinic acid, pantothenol, and folic acid. Identical vitamin solutions assayed on different days gave variation coefficients for the various vitamin assays of less than 10%.
The first type of system has mainly found application in antibiotic assays (1, 5) where short incubation periods are required. In these assays, the production of carbon dioxide (3, 10) and bacterial growth (9) serve as parameters. Systems with longer incubation periods present problems in continuous-flow systems, requiring holding coils of considerable length in which the regular air-bubble pattern cannot be maintained because of the high pressure needed.
The first example of a discrete-sample system has been described by McMahan (8) . In this apparatus, samples in tubes pass a number of stations where the various manipulations are performed mechanically. A discrete-sample system especially suitable for antibiotic assays has been described by Gualandi (4) . Recently, Kuzel and Kavanagh (7) described an automated system consisting of a diluter and turbidity reader module. The system which is commercially available can be used for antibiotic and vitamin assays. An extensive survey of the theoretical and practical aspects of the design is given by the same authors (6) .
In our laboratory, we aimed at the automation of the vitamin assays carried out as a modified two-point parallel line assay in which automation should include most of the laborious manipulations (i.e., the preparation of dilutions and of the test mixture in culture tubes, turbidity reading of the incubated cultures, and the evaluation of assay data). The system should be sufficiently flexible to perform alternately assays of all B vitamins, for example, thiamine, riboflavine, pyridoxine, cyanocobalamin, calcium pantothenate, nicotinic acid, pantothenol, and folic acid. Finally, the method should be able to cope with preparations of widely varying vitamin content.
To meet the latter requirement, automation was introduced from the point where prediluted vitamin samples could be treated identically. It proved to be impractical to include the rather long and variable incubation period in the automated system. Hence a semiautomated method consisting of two independent units was designed. A dilution and dosage unit based on the continuous-flow principle prepares suspensions containing vitamin solution and inoculated test broth in culture tubes ready for incubation. A discrete-sample system performs the turbidity measurement of the cultures after incubation.
MATERIALS AND METHODS
Growth curves showed that the growth rate of the test organism is related to the concentration of the vitamin within the limits of the test. The growth was measured turbidimetrically after an incubation period of 16 to 18 hr. In the numerous vitamin assays carried out under standardized conditions, it was shown that the log dose response curves for all vitamins were steep and highly consistent between fixed concentration ratios. Hence a vitamin assay was designed based on the principle of the two-point parallel line assay according to Finney (2) . In the twopoint parallel line assay, preparations were diluted to two dose levels for which the responses lie on the steep slope of the log dose response curve.
In one assay, several preparations with an assumed vitamin content were assayed against the standard. One dilution series of each unknown preparation and 7 to 10 dilution series of the standard were used in one assay to attain maximum efficiency. Each dilution series consisted of two dilutions with the high and two dilutions with the low concentration. A test set-up was chosen for which the dilution series were prepared, and the turbidity of the series was measured in a random order.
In agreement with the design of a two-point parallel line assay, a statistical test was carried out to examine whether the regression coefficient of the log dose curve of each individual unknown preparation could be regarded as equal to the regression coefficient of the standard preparation. In case of an erroneous assumption of the potency of the unknown preparation or a dilution error, the test on equality of regression coefficients of unknown and standard (test on parallelity) is significant with a probability larger than 0.05. In the latter case, the unknown should be retested with a new assumption about its potency, if necessary.
An indication of the precision of the assay is given by lambda = s/b, where s is the standard deviation of the mean extinction value of the standard, and b is the mean regression coefficient of the standard and of those unknowns that have not been rejected because they are not parallel.
The principal data on the assay method of the various vitamins have been compiled in Table 1 . For all vitamin assay tests, commercially available media were used. Methods are also available for the preparation of alternative media ( Table 2) . The dilution and dosage unit consisted of a main sampler containing the vitamin solutions under test; four auxiliary samplers delivering dilution fluid and test broth (in most cases already inoculated, see Table 1 ); a proportioning pump with a manifold in which dilution took place and in which two test solutions (one high and one low concentration) from each vitamin solution were prepared; and a combicollector delivering identical amounts of the final mixture to culture tubes. All of these elements were linked to a control unit.
The main sampler (MS, Fig. 1 ) consisted of a tube-rack holder with a carriage carrying the sampling needle and a cup for rinsing fluid. The sampler had a capacity of eight racks each containing 20 tubes with a volume of 3 ml. The carriage automatically moved from one sample tube (and row) to another. With two small handles in the side panel of the carriage, the sampling needle could be moved to any position. Instead of the last rack, a reservoir with rinsing fluid can be placed in the rack holder. The sample tubes in the racks were always arranged in such a way that after the last vitamin sample solution the carriage arrived at the rinsing fluid reservoir. The sampling needle was adjusted to the required height by means of a microswitch.
The auxiliary samplers (Fig. 2 ) supplied either dilution fluid (H1, H2, and H4) or test broth (H3). In contrast to the main sampler in which rinsing fluid was drawn between the samples, the auxiliary samplers drew air when they were not sampling fluid. Hence, for the latter samplers, the cup for rinsing fluid was omitted. The construction of the auxiliary samplers was identical to the sampling device mounted on the main sampler.
The proportioning pump (Technicon Co., Inc., Tarrytown, N.Y.) has a capacity of 30 tygon tubes.
The manifold (Fig. 3 ) was built from tygon tubes with diameters of as great as 0.110 inch (approximately 0.28 cm) and glass connections in accordance with common autoanalyzer systems.
Determination of the dosages of the final mixtures prepared in the manifold was performed by the combicollector (Fig. 4) . The latter consisted of a conveyor belt above which were mounted two solenoid valves (Versa N.V., Apeldoorn, Holland) each provided with a stainless-steel outlet and a bypass. In the "on" position, the valves were open and connected via a bypass to the waste. When the valves were closed, the liquid passed to the outlets. Special racks containing two rows of six culture tubes were carried by the conveyor belt so that two tubes were centered below the two valve outlets. Each time the valves were opened, the next two culture tubes were moved to this position.
All of these elements were electrically linked to the control unit. In this unit ( CuSO4.5H20 (0.009%), ZnSO4 7H20 (0.008%), and FeSO47H20 (0.05%) in distilled water. clock controlling the lag time for the second operation of auxiliary sampler H2. In this case, the signal was derived from the end of the first operation of the same auxiliary sampler. The starting signal for all time clocks was derived from the start or end of the sampling time of the main sampler. Signal lights on the panel showed which operations were taking place. The time clocks controlling the duration of the actual operations were fixed on constant time intervals (Fig. 5) , whereas the lag time for each individual operation was adjustable. In this way, means were provided for synchronization of the various liquid streams in the manifold. In routine use, only minor adjustments of the lag times were necessary to ensure accurate synchronization.
The racks with tubes filled with the vitamin cultures on the combicollector were transported in special trays and incubated either in a thermostatically controlled water bath (Marius N.V., Utrecht, Holland) or on a shaker (type SL 69, Marius N.V.) in a thermostatically controlled cabinet. In the latter case, the racks were tilted on the shaker to increase aeration and agitation of the cultures in the tubes.
The turbidity measurement unit (Fig. 6) turbidity measurements. The spectrophotometer was modified to permit conversion of transmission into extinction values which were subsequently printed out via the digilog convertor on the Addo-X.
The vitamin reference standards were weighed and dissolved in the appropriate solvent (Table 1) and diluted to a level of 2,000 times the concentration to be attained in the culture tube (high dose level). Products assayed for vitamin content consisted mainly of coated tablets, aqueous solutions, and freeze-dried preparations. Tablets were homogenized in the solvent by means of an ultrasonic device (S 75 Sonifier, Branson Sonic Power Co., Danbury, Conn). All solutions and freeze-dried preparations were diluted directly to a concentration approximating that of the standards. These prediluted vitamin standard and sample dilutions were prepared the day before performance of the assay and stored in the dark at 4 C overnight. The concentrated solutions of thiamine-HCl, pyridoxine.HCl, calcium pantothenate, nicotinic acid, and pantothenol can also be stored for longer periods without any detectable loss in activity. Before starting, the assay duplicate sample tubes were filled from each of these concentrated solutions together with a number of tubes with distilled water from which the inoculated blanks were derived. Following the statistical design of the assay, these pairs were randomized over the positions in the main sampler.
The dilution and dosage unit was a continuousflow system capable of diluting 20 duplicate samples per hr. The main sampler drew sample and rinsing fluid (twice-distilled water containing 0.01% Triton X-405) during 60 and 30 sec, respectively. The auxiliary samplers also sampled liquid for 60 sec, thus providing fluid segments of equal length. By adjustment of the lag times for the individual samplers, the continuous-flow streams could be synchronized so that all liquid parts met precisely at the various intersections in the manifold (Fig. 3) . At intersection I and II, the samples were diluted 20-and 50-fold with diluent from auxiliary samplers H1 and H2, respectively. After the second dilution step, the diluted sample was divided into two parts at intersection III in the manifold. One part (4 ml) went to intersection IV and was mixed with an equal volume of test broth from H3 to form the high concentration sample. The second part (2 ml) was mixed at intersection V with 2 ml of diluent (from H4) and with 4 ml of test broth (from H3), thus forming the low concentration sample.
Both samples were then dispensed into tubes by the combicollector as follows. The two ends of the tubing circuit were connected with the valves on the combicollector. These valves were controlled in such a way that from each liquid segment of approximately 8 ml the first 3 ml was discarded as waste. The valves were then closed for 30 sec, and approximately 4 ml from the central part of both liquid segments was dispensed into the culture tubes. The remainder of the liquid was led to the waste.
Rinsing fluid sampled by the main sampler served to avoid contamination of a sample segment with At intersection I, the sample segment was diluted with air-segmented dilution fluid. After resampling at RSi, the second dilution step took place at intersection I. The relatively large volume of dilution liquid was supplied by two tubes with a large diameter. The main part of the resulting diluted sample segment was resampled at RS2. From intersection mU about 4 ml was pumped to IVand 2 ml to V, respectively. At V, the high potency sample was prepared by mixing the diluted vitamin with an equal amount of test broth. At V, 2 ml of the diluted sample was diluted twofold and mixed with test broth, thus forming the low potency vitamin sample. Finally, 4-ml amounts of both final mixtures were dispensed in tubes in racks on the combicollector. the preceding one in the sample line up to intersection II. From that point on, the manifold was rinsed with dilution fluid from auxiliary sampler H2. For this purpose, the latter sampler was programmed to sample dilution liquid during a period of 15 sec between its main sampling periods. To limit carry-over between two consecutive vitamin samples, care was taken to build a circuit with minimal total length. After each assay run, the manifold was rinsed with 5% aqueous formaldehyde solution and subsequently with 0.2% aqueous sodium lauryl sulfate solution. Every fortnight, an additional rinse with 2 N sulfuric acid was carried out. Every two months, the tubes of the manifold were renewed.
After each row of culture tubes was filled, the six tubes were covered with one stainless-steel cap. To avoid premature growth in the culture tubes, the racks were placed in cold water (0 C) immediately after filling. The assay procedure continued for the various vitamins as described in Table 1 .
After an overnight incubation period, growth was terminated by immersion of the racks in cold water (O C).
On the turbidity measurement unit, the cultures were mechanically stirred and the turbidity was read at a rate of 300 tubes per hr.
On both conveyor belts of the combicollector and the turbidity measurement unit, the tubes were handled in a similar sequence. containing 12 tubes, first the front row of tubes (6) was filled or sampled; then all of the racks were turned, and the other row of tubes was handled.
All data required for calculation of the vitamin content of the products were transferred to data sheets. These were transcribed on punch cards which were fed into an IBM 360/50 or a PDP 15 computer, programmed to calculate the vitamin content of the samples expressed in terms of the vitamin reference standard. The computer supplied all input data, statistical data on the assay (Fig. 7a) , and the calculated vitamin contents (Fig. 7b, c) of the products together with 95% confidence limits in an easily readable form.
As a regular check, the dose response curves for all the vitamins were determined every three months.
RESULTS AND DISCUSSION Routine use of this semiautomated method provided reliable results. Table 3 shows the coefficients of variation and the mean values calculated from the vitamin contents of identical vitamin standard solutions assayed on different days. The low coefficients of variation calculated and the mean vitamin contents determined for thiamine, riboflavine, pyridoxine, cyanocobalamin, calcium pantothenate, nicotinic acid, and pantothenol demonstrated the good reproducibility and high precision of the method. Data for the folic acid assay were not included in Table 3 since only a few assays of this vitamin were performed. Preliminary experience indicated that folic acid could also be assayed automatically if Triton X-405 was omitted from the dilution and rinsing fluids.
Riboflavine, cyanocobalamin, calcium pantothenate, and nicotinic acid were assayed without special care to avoid contamination.
The test media used for the assay of thiamine and pantothenol were very susceptible to contamination. In these assays, individual inoculation of each tube was necessary after sterilization of the tubes containing the vitamin test medium mixture in an autoclave for 10 min at 110 C. Better assays of pyridoxine were obtained when the tubes were inoculated individually immediately prior to incubation.
Flow birefringence of the rod-shaped bacteria caused no problems in the turbidity measurement. In the turbidity measurement unit, one suspension of Lactobacillus leichmannii divided over a great number of tubes was read. The standard deviation in extinction units proved to be so small that this error could be neglected.
The system combined the advantages of both continuous-flow and discrete-sample systems. The continuous-flow system with synchronization is eminently suitable for the performance of the large dilution step of all vitamin samples with a high degree of reproducibility. On the other hand, the discrete-sample system is more suitable for the turbidity measurement of large numbers of cultures in a short period (11 To assay 300 unknown sample solutions per week, four technicians were necessary, three of whom were required for preparation of the prediluted vitamin samples and the test media while one operated the automated equipment.
Use of the computer has greatly added to the assay procedure. The only manual transfer of data was in entering the pertinent data of the assay, including the turbidity measurements, onto the computer input data sheets.
On a separate sheet (Fig. 7c) , the assay results were reported in such a way that the printout can be used as data sheet for the Quality Control Department.
Although in our laboratory the above auto-APPL. MICROBIOL. mated system has only been used for vitamin assays, it should also be applicable to automation of turbidimetric antibiotic assays.
